The hypothalamic-pituitary-adrenal (HPA) axis mediates the neuroendocrine stress response and is mediated by glucocorticoids ([@bib74]; [@bib35]). Stress triggers the activation of the HPA-axis, which culminates in the production of glucocorticoids by the adrenals ([@bib45]). Briefly, corticotrophin-releasing hormone (CRH) is released from the paraventricular nucleus in the hypothalamus (PVN) in response to stressors and stimulates the release of adrenocorticotropic hormone (ACTH) from the pituitary gland ([@bib35]). ACTH then stimulates the adrenal cortex to secrete cortisol (in humans) or corticosterone (i.e. CORT, in rodents) into the bloodstream ([@bib45]; [@bib35]). Cortisol/CORT feeds back via glucocorticoid and mineralocorticoid receptors in the pituitary, hypothalamus and multiple other sites in brain regions and periphery to regulate its own secretion as well as the magnitude and duration of HPA-axis activation ([@bib39]). These receptors are expressed throughout the brain and have widespread actions beyond HPA-axis regulation ([@bib23]; [@bib34]). Activation of the HPA-axis and the subsequent stress response is necessary to promote adaptation and enable a response to threats and other homeostatic challenges (i.e. allostasis) ([@bib53]; [@bib74]). However, chronic or repeated stress drives constant activation of the HPA-axis and related circuitry (i.e. high allostatic load), leads to HPA-axis dysregulation and increases risk for developing psychiatric disorders that differentially affect men and women, such as mood and anxiety disorders ([@bib55]; [@bib54]; [@bib28]; [@bib2]; [@bib61]).

Clinical and preclinical research have demonstrated significant sex differences in HPA-axis function and regulation at baseline and in response to stress ([@bib42]; [@bib30]; [@bib61]). Female rodents exhibit greater basal concentrations of CORT ([@bib40]) and secrete higher concentrations of CORT in response to physical and psychological stressors ([@bib30]; [@bib61]) (see [Table 1](#tbl1){ref-type="table"} for summary). In addition, clinical studies have shown enhanced stress sensitivity and greater susceptibility towards affective dysfunction in women, which may be related to sexual dimorphisms in the HPA-axis response to stress ([@bib1]; [@bib75]). This is significant given that increased stress responsiveness is implicated in the etiology of mood and anxiety disorders, which have a higher incidence in women ([@bib1]; [@bib62]), and heightened stress sensitivity in women has been proposed as a key factor in the development of these disorders ([@bib9]). Collectively, these data indicate that sex is an important determinant of disease susceptibility. For these reasons, here we synthesize novel research highlighting: i) sex differences in neurobehavioral responding to stressors; ii) sex differences in the developmental trajectories and adult outcomes following adolescent stress exposure; iii) sex-specific changes in HPA-axis function during the postpartum period and HPA-axis dysregulation in animal models of postpartum mood disorders; and, iv) sex and gender interactions in responding to stress in humans. Finally, although here we focus on the developmental period spanning from adolescence through the reproductive years, it is important to note that there is evidence for a role of stress in aging ([@bib69]; [@bib31]), as well as sex differences in the stress response in aged populations of both humans and rodents ([@bib13]; [@bib44]; [@bib45]; [@bib6]). These differences are thought to be mediated by the normative hormonal changes required for the transition to reproductive senescence, which lead to alterations in stress responsivity within and between the sexes, as well as increase risk for psychiatric disorders ([@bib6]).Table 1**Summary of sex differences in corticosterone (CORT) secretion from adolescence to adulthood.** Basal levels of CORT are higher in female rodents than in male rodents. Stress-induced increases in CORT levels are greater in female rodents and remain elevated longer than in male rodents.Table 1

1. Sex differences in response to uncontrollable and controllable stressors {#sec1}
===========================================================================

Stress-related disorders such as depression, anxiety and post-traumatic stress disorder (PTSD) have a higher incidence in women than in men ([@bib75]; [@bib7]; [@bib71]). The direct mechanisms that drive these sex differences are unclear, but may emerge, at least partially, from different coping styles in response to adversity. Thus, there is a need for validated animal models that provide insights into the neural mechanisms associated with the selection and implementation of relevant stress coping behavior in both sexes. Below, we focus on recent findings obtained using uncontrollable and controllable stress paradigms covered in the session.

1.1. Uncontrollable stressors {#sec1.1}
-----------------------------

The forced swim test (FST), although initially developed as a screen for antidepressant efficacy ([@bib65]), constitutes an acute inescapable stressor that can be used to distinguish between active (i.e. swimming, climbing) and passive (i.e. floating) coping responses ([@bib22]). FST exposure induces a robust activation of the HPA-axis and alterations within stress-responsive brain circuits, and these effects differ between the sexes ([@bib21], [@bib20]). For example, swim stress increases CORT levels in male and female rats, but females exhibit elevated CORT levels post-FST compared with males ([@bib26]), suggesting heightened stress reactivity. Female Sprague Dawley rats also display greater immobility (i.e. passive) behavior during the FST compared with males ([@bib66]), which is consistent with results previously observed in female Wistar rats ([@bib26]; [@bib21]). Recently, it has been shown that forced swim stress has a sex-specific effect on the mesolimbic dopamine (DA) system: it reduces the number of spontaneously active DA neurons (i.e. population activity) within the ventral tegmental area (VTA) in females, but not in males ([@bib66]). Importantly, this attenuation of VTA DA activity is comparable to that observed in male and female rats following chronic mild stress (CMS) ([@bib16]; [@bib66]). These data suggest sex differences in behavioral responses to forced swim stress, in which females adopt a more passive response, as well as sex-dependent effect of swim stress on VTA population activity in which females are more susceptible to stress-induced DA downregulation.

Using a modified and extended version of the FST consisting of a pre-test (Day 1) and a test (Day 2) 4 weeks later, Shansky and colleagues have identified effects of sex and strain (Long Evans, Sprague Dawley) on the selection of behavioral responses and neural activity patterns within the medial prefrontal cortex (mPFC) in response to the FST on Day 2 ([@bib18]). Sprague Dawley females exhibited lower overall immobility than Sprague Dawley males or Long Evans females on Day 1; whereas Sprague Dawley males exhibited more overall immobility than Sprague Dawley females or Long Evans males on Day 2 ([@bib18]). Sprague Dawley males had lower neural activity in the mPFC, as indexed by reduced counts of c-fos + cells within the prelimbic and infralimbic cortices, which corresponded to the increased immobility during test day (Day 2). These findings show that sexually-divergent coping responses to long-term forced swim are strain dependent and that the mPFC may contribute to sexually dimorphic behavior in long-term forced swim.

1.2. Controllable stressors {#sec1.2}
---------------------------

A key feature of coping is the perceived or actual behavioral control over some aspect of the adverse event ([@bib48]). The degree of behavioral control that an organism has over a stressor is a potent modulator of the stressor\'s impact. In male rats, uncontrollable stressors (i.e. inescapable shock, IS) produce numerous outcomes that do not occur if the stressor is controllable (i.e. escapable shock, ES) ([@bib48]). Controllable stressors can also exert protective effects against future uncontrollable stressors, a process known as behavioral immunization that is mediated by the ventral mPFC ([@bib3]; [@bib49]). But what about females? Do protective neurobehavioral effects of stressor controllability extend to female rats? To address this, Baratta and colleagues employed the stressor controllability paradigm, in which animals can terminate tail shocks by performing a wheel-turn escape response. Surprisingly, control over the stressor had no impact on shock-induced behavioral outcomes in females: female ES rats exhibited potentiated freezing, poor escape behavior and reduced social exploration, similar to that observed in female IS rats ([@bib8]).

The lack of benefit afforded by behavioral control in females is in sharp contrast to what has been reported in males and suggests that the neural processing of control differs between the sexes. In males, IS induces potent activation of serotonin (5-HT) in the dorsal raphe nucleus (DRN) ([@bib50]; [@bib32]), which is critical for producing the behavioral sequelae following IS (e.g. impaired shuttle box escape, exaggerated freezing, decreased social exploration). These outcomes are prevented in male ES subjects because the experience of control engages prefrontal top-down inhibition over DRN 5-HT activity ([@bib4]), with a specific projection from the prelimbic (PL) cortex to the DRN mediating these protective effects. Females respond to behavioral control differently. Consistent with behavioral results, controllable stress in females does not blunt stress-induced activation of DRN 5-HT: ES and IS females showed equally elevated Fos expression in 5-HT labelled neurons ([@bib8]). Moreover, unlike in prior studies with males, behavioral control (i.e. ES) did not engage the PL-DRN pathway in females, suggesting that the absence of a modulating effect of control on DRN 5-HT is due to a lack of top-down inhibition provided by the PL cortex.

Given that the perception of control during an adverse event (i.e. tail shock) can promote resilience against the effects of future stressors in males, a separate study was conducted to determine whether the lack of ES effects on females extend to behavioral immunization to a future stressor. In females, stressor controllability did not protect against the behavioral effects induced by IS: ES females that were exposed to IS exhibited attenuated social exploration and exaggerated freezing responses (Barrata et al. under review). This finding suggests that the behavioral immunization induced by ES is sex-specific. In addition, the ES- and IS-induced structural plasticity within the PL-DRN also differed within the sexes. In males, IS elicited broad, non-specific alterations in PL spine size, while ES elicited PL-DRN circuit-specific spine changes. In contrast, females exhibited broad, non-specific spine enlargement after ES but only minor structural changes after IS (Barrata et al. under review). Together, these data provide evidence for a circuit specific mechanism of structural plasticity that could underlie sexual divergence in the protective effects of stress controllability.

2. Short and long-term effects of adolescent stress exposure in male and female rats {#sec2}
====================================================================================

The onset of stress-related psychopathologies, including anxiety and depression, often occurs in late adolescence and is frequently precipitated by exposure to chronic stress ([@bib52]). Adolescence is an important developmental window in brain maturation and a period of active neuroplasticity within brain areas critically involved in stress regulation and HPA-axis function, such as the hippocampus, prefrontal cortex, and amygdala ([@bib5]; [@bib27]; [@bib56]). Hence, there are major changes in HPA-axis function and stress responsiveness during adolescence in both humans and rodents ([@bib45]; [@bib41]). For example, adolescent male and female rats exhibit greater and prolonged HPA-axis stress responses to a wide variety of stressors relative to adults ([@bib67]), suggesting a link between immaturity of stress-responsive brain circuits and enhanced HPA-axis drive. This developmental change in stress reactivity is thought to be a contributing factor to the increased vulnerabilities during adolescence conferring risk to later life psychopathology ([@bib76]). Nonetheless, stress susceptibility in adolescents, particularly in females, is poorly understood because the bulk of stress studies are focused on the study of stress in prenatal, early postnatal, and adult life in male animals.

To this end, Dr. Herman\'s group employed a 14-day chronic variable stress (CVS) paradigm during adolescence and examined the short and long-term effects of chronic stress on neuroendocrine function and depressive-like behavior in rats of both sexes. In male rats, exposure to CVS during late adolescence (PND50-64) resulted in reduced body weight gain, decreased body fat, adrenal hypertrophy, increased basal CORT secretion and increased HPA-axis response to a novel stressor ([@bib36]). Females rats exposed to CVS during late adolescence (PND 45--58) exhibited reduced body weight gain, increased basal CORT secretion and blunted HPA-axis response to a novel stressor ([@bib80]). Unlike males, female rats did not show the CVS-induced adrenal hypertrophy and CORT hyper-secretion in response to a novel stressor, suggesting that adolescent females may have some degree of resistance to the effects of CVS on neuroendocrine stress responses and helplessness related behaviors when tested shortly after stress cessation. The immediate effects of adolescent CVS exposure differed from those observed in adulthood. Exposure to chronic stress during late adolescence produced long-lasting neuroendocrine (i.e. hyposecretion of CORT and ACTH) and behavioral effects (i.e. increased FST immobility) in adult female rats that are thought to reflect blunted central and hormonal stress reactivity as well as increased depression-like behavior ([@bib80]). This is consistent with clinical data suggesting that HPA-axis dysregulation is a key factor in the development of mood and anxiety disorders, which have a higher incidence in women ([@bib1]; [@bib62]). Adult males exposed to adolescent CVS exposure exhibited increased depressive-like behavior in the FST, but no changes in HPA-axis reactivity to an acute stressor, suggesting a resilient phenotype ([@bib19]). Collectively, these data suggest that adolescent stress exposure reprograms subsequent HPA-axis baseline activity (i.e. alters adult HPA function), stress reactivity, and behavioral responses in a sex-dependent way, in which males exhibit greater resilience to the enduring influence of stress on behavioral coping strategies adult HPA function.

Although recent rodent studies demonstrate adolescent chronic stress exposure results in greater and longer-lasting changes in behavior and HPA-axis function in females than in males ([@bib12]; [@bib67]; [@bib80]; [@bib19]), there is also evidence that adolescent females may benefit more from environmental interventions aimed at ameliorating the enduring effects of stress. For instance, a recent study showed that exposure to an enriched environment (EE) prior and during adolescent chronic stress exposure (PND33-60) can buffer against the long-term effects of stress in a sex-specific manner. Adolescent EE prevented increased adult depression-like behavior in CVS females and blocked the effects of stress on adrenal responsivity, while having little to no effect on males or control (i.e. unstressed) females ([@bib73]). Since adolescent EE confers protection from the delayed behavioral and hormonal effects of CVS in females, this suggests that adolescence is a sensitive period for mitigating the impact of stress in females and underscores the importance of early intervention.

3. Stress and the postpartum period {#sec3}
===================================

The HPA-axis undergoes dramatic changes during pregnancy and lactation ([@bib68]; [@bib15]). During this time, the metabolic demands placed on the mother are increased, and specific adaptations of both basal and stress-induced HPA-axis activity occur to facilitate the transition into this new role and fulfill the needs of the offspring ([@bib43]; [@bib15]; [@bib79]). Pregnancy and the early postpartum are associated with elevated basal levels of circulating glucocorticoids in both humans and rodents, which is a similar hormonal profile to that observed in depressed patients and animal models relevant to depression ([@bib11]; [@bib63]; [@bib29]; [@bib14]). In humans, these normative changes in HPA-axis function have been associated with the postpartum blues ([@bib60]), which refers to the transient changes in mood and affect during the first couple of weeks postpartum ([@bib64]; [@bib33]). Yet, the neural substrates associated with increased affective dysregulation during the early postpartum remain poorly understood. Recently, time-dependent changes in affect-related behavior have been identified in rodents, with postpartum females exhibiting greater negative affect (i.e. low social motivation, increased FST immobility) that is associated with attenuation of VTA DA neuron activity and limited to the first 3 days postpartum (Rincón-Cortés and Grace, under review). Thus, changes in maternal affect with the onset of motherhood may be due to alterations in HPA-axis functioning that transiently alter mesolimbic DA system activity, though this remains to be determined in humans.

In addition to changes in basal HPA activity (i.e. baseline CORT hypersecretion), stress-induced HPA activity is markedly attenuated in postpartum female rodents ([@bib77]; [@bib72]). Thus, the increase of HPA activity normally seen in response to either physical or psychological stressors in the non-reproductive state become severely attenuated or absent in lactating animals ([@bib43]; [@bib72]). Dysregulation of the HPA-axis, particularly in the postpartum period, may increase vulnerability to postpartum depression (PPD) ([@bib78]; [@bib25]). For instance, inability to suppress the stress-induced activation of the HPA-axis during pregnancy and the postpartum period has been proposed to play a role in PPD, which is supported by evidence of altered levels of cortisol, ACTH and CRH in patients suffering from PPD ([@bib10]; [@bib24]). Dr. Maguire\'s research program utilizes preclinical mouse models of postpartum depression. The first model characterized lacks neurosteroid-sensitive GABA~A~ receptors (GABA~A~Rs), which exhibit depression and anxiety-like behaviors that are restricted to the postpartum period as well as abnormal maternal care behaviors ([@bib46]). Specifically, *Gabrd*^*−/−*^ mice exhibit reduced latency to immobility as well as increased time spent immobile in the FST, decreased sucrose consumption, and reduced aggression towards an intruder, while failing to build a proper nest and dispersing pups which leads to decreased pup survival rate ([@bib46]). Notably, abnormal postpartum behaviors in *Gabrd*^*−/−*^ mice are associated with altered stress reactivity and involve hyperexcitability of the HPA-axis during the postpartum period ([@bib47]).

To investigate the contribution of HPA-axis hyperexcitability during the peripartum period in postpartum depression-like behaviors, the Maguire lab generated another preclinical mouse model which lacks the K+/Cl-co-transporter, KCC2 on CRH neurons (KCC2/Crh mice). Prior reports have demonstrated a critical role for KCC2 in the PVN in the regulation of stress-induced activation of the HPA-axis, which involves dephosphorylation of KCC2 at residue Ser940 and downregulation of KCC2 ([@bib70]). Through a series of elegant experiments, Maguire and colleagues have demonstrated that suppression of HPA-axis during pregnancy and the postpartum period involves maintenance of KCC2 expression in the PVN ([@bib57]). Mice lacking functional KCC2 specifically in CRH neurons (KCC2/Crh) exhibited inability to suppress the HPA axis in response to acute restraint stress during pregnancy and the postpartum period ([@bib57]). In addition, KCC2/Crh dams also exhibited increased depressive-like behaviors (i.e. FST) and anxiety-like behaviors (i.e. elevated plus maze, light/dark box) during the postpartum period as well as deficits in maternal approach test. Consistent with the role for hypothalamic CRH activity as a contributing factor in abnormal postpartum stress reactivity and postpartum behaviors, chemogenetic activation of CRH neurons in the PVN induced an abnormal postpartum phenotype in wildtype (CRH-Cre) dams. Furthermore, inhibition of CRH neurons in the PVN reversed the abnormal postpartum phenotype observed in KCC2/Crh dams. Taken together, these findings demonstrate that HPA-axis dysregulation is sufficient to induce abnormal postpartum behaviors and deficits in maternal behaviors in preclinical models, and support a novel role for KCC2 in the PVN in peripartum stress hyporeactivity necessary for adaptive maternal behaviors.

4. Influence of sex and gender on stress reactivity in humans {#sec4}
=============================================================

Gendered sexuality comprises a complex set of sexual behaviors, identities and orientations with important health implications ([@bib51]; [@bib59]). For example, lesbian, gay and bisexual (LGB) populations are at greater risk for psychiatric disorders compared with heterosexual individuals and these disparities are hypothesized to represent forms of minority stress, referring to the cumulative stress individuals from stigmatized minority groups experience ([@bib17]; [@bib58]). But, do LGB individuals differ in stress reactive cortisol compared with heterosexual individuals? After a trier social stress test (TSST), lesbian/bisexual women manifested peak cortisol concentrations late during recovery from the TSST compared with heterosexual women ([@bib38]). Specifically, peak levels were attained 40 min after the TSST rather than the typical peak at 10--20 min. In contrast, gay/bisexual men displayed lower overall cortisol concentrations throughout testing as well as specifically 10 and 20 min after stress exposure when compared with heterosexual men, which may suggest HPA-axis downregulation ([@bib38]). These findings were significant even while adjusting for sex hormones (estradiol to progesterone ratio in women and testosterone in men), age, self-esteem, and disclosure status. These data provide evidence for gender-based modulation of cortisol stress reactivity based on sexual orientation, which can help differentiate between sex-based versus gender-based factors that modulate endocrine stress reactivity and underline the importance of assessing sexual orientation during tests of endocrine stress reactivity in humans.

To add complexity to the study of stress reactivity in humans, there is also evidence that sex hormones vary according to sexual orientation in women, but also according to stress indices ([@bib37]). Lesbian/bisexual women showed higher overall testosterone and progesterone concentrations as a group in comparison to heterosexual women, while no differences were found among gay/bisexual men when compared to heterosexual men. Lesbian, bisexual women and heterosexual men showed positive associations between mean estradiol concentrations and allostatic load, while gay/bisexual men and heterosexual women showed positive associations between mean testosterone and cortisol systemic output. In sum, these data suggest that sex hormone variations appear to differ according to sexual orientation among women, but also as a function of cortisol systemic output allostatic load and perceived stress for both sexes. However, it is unclear whether these differences are due to biological factors and/or arise from cultural and/or environmental influences.

5. Conclusions {#sec5}
==============

Stress-induced activation of the HPA-axis varies between the sexes. Recent preclinical research indicates sex-differences in response to both uncontrollable and controllable stressors, in which females exhibit adverse effects that are not modulated by stressor controllability as well as distinct patterns of stress-induced neuronal activity and morphology. Since males and female rats exhibit differential effects of stress exposure on cortical (PFC) and midbrain structures (VTA, DRN) implicated in the etiology of mood and anxiety disorders in humans, sex-specific alterations induced by stress within these areas may increase risk for psychiatric disorders that are more prevalent in women (i.e. depression, anxiety, PTSD). Thus, the sex-dependent effects of stress in the structure and function of cortical and midbrain systems may not only reflect enhanced stress sensitivity in females but also serve as underlying mechanism leading to sex-biased stress-related disorders. Furthermore, the developmental context in which stressor exposure occurs has important implications for programming later life behavior and brain function. Adolescent chronic stress results in short and long-term changes in the selection of behavioral and HPA responses to stress that vary between the sexes. Importantly, environmental enrichment can confer resilience to the adult neurobiological sequelae induced by adolescent stress, although this effect is sex-specific and seems to be limited to females. This is significant given that: a) mood and anxiety disorders frequently emerge during adolescence and are more common in females; and, b) environmental manipulations are highly beneficial to humans because they provide a safe therapeutic alternative to pharmacological interventions. In females, the postpartum represents a period of marked adaptation of the HPA-axis and is characterized by basal hypersecretion and stress-induced hyposecretion of CORT. In rodents, these normative hormonal changes are associated with time-limited changes in affect-related behaviors as well as within the mesolimbic DA system. In a mouse model of PPD, KCC2 loss within PVN CRH neurons overrides this dampened stress reactivity and results in inappropriate HPA-axis responses to stress and abnormal maternal behaviors, suggesting a mechanism by which HPA-axis dysfunction during the postpartum confers susceptibility to affective dysregulation and aberrant maternal behavior. Finally, biological sex differences and sociocultural gender diversity influence endocrine stress reactivity in humans; and, interactions between the HPA-axis and sex hormones (e.g., testosterone, estrogen) can influence biological sex differences in stress response patterns.
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